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INTRODUCTION 
Purpose 
The present investigation was undertaken for the purpose 
of adding to the knowledge of the magnetic properties of the 
rare-earth metals. An extensive program to this end is 
currently under way at the Ames Laboratory. That the inter­
esting magnetic properties of these elements are due to the 
partially filled, well-buried k-f electron shell has often 
been pointed out. In addition to the consequent, paramagnetic 
behavior, measurements made on gadolinium, terbium, dyspro­
sium, holmium, erbium and thulium, indicate the existence of 
regions of ferro- and/or antiferromagnetic order. This 
thesis is a report of a study of the magnetostriction of two 
of these, gadolinium and holmium. 
Since the theory of magnetostriction is not presently 
on a firm quantitative foundation, it is hoped that the 
results of this work will shed some light on this phenomenon. 
It will be shown that much of the earlier experimental work 
is of questionable worth in this regard, and that further 
work (on single crystals, for instance) would be of consid­
erable value. Indeed, the accumulation of sufficient data 
may suggest a theoretical approach. Belov and Nikitin (3) 
state that the measurement of magnetostriction is an 
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effective method of studying the nature of the interatomic 
forces affecting the magnetic structure, since the lattice 
deformations are a direct result of these forces. 
Previous Experimental Work 
It has been known for over 100 years that a change in the 
magnetization of a ferromagnetic body causes a change in its 
linear dimensions, called the magnetostriction. An enormous 
amount of literature has accrued; the significant work has 
been reviewed by Lee (28), Birss (k), Carr (11), and Gersdorf 
(20). Bozorth (8) has collected a large amount of the pre-
1955 experimental results. 
The relatively recent increased availability of the 
rare-earth metals has apparently given impetus to a number of 
investigations of their magnetic properties. The following 
is a review of this work on gadolinium and holmium. Elliott 
et al. (17) have reported the magnetic moment of polycrystal-
line gadolinium; also magnetic moment measurements have been 
made on single crystals by Graham (23) and independently by 
Nigh (4-0). Measurements of magneto-crystalline anisotropy 
have been reported by Graham (22), and Corner et al. (15). 
These measurements on gadolinium indicate that there is 
a rather 11 spread-out" magnetic transition near 290°K. Below 
this temperature gadolinium is ferromagnetic, with the easy 
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magnetization axis lying along the hexagonal c axis above 
24-5°K, and in a cone around the c axis below this temperature. 
Magnetostriction measurements on polycrystalline gado­
linium have been reported by Corner and Hutchinson (1*+). 
Their values of the saturation magnetostriction show an 
anomaly at 150°K and vanish at 233°K. Belov et al. (2) have 
also measured magnetostriction in polycrystalline gadolinium, 
and find that the saturation value vanishes at 210°K. 
Bozorth and Wakiyama (10) have reported magnetostriction 
measurements on single crystals of gadolinium; this work will 
be treated more completely in the discussion section. 
The magnetic moment of polycrystalline holmium has been 
measured by Rhodes, et al. (4-2) ; measurements on single 
crystal samples have been made by Strandburg, et al. (4*9). 
These data, together with the neutron diffraction studies of 
Koehler .et al. (27), have established that holmium has 
several regions of magnetic order. These magnetic structures 
are discussed in the remarks on the theory of magnetostric­
tion in an antiferromagnet. 
Nikitin (4l) has recently reported magnetostriction 
measurements on polycrystalline holmium in the temperature 
range 61°K to 110°K. His maximum applied magnetic field of 
17 kOe. was too small for this temperature range, and only 
small deformations (£a. 10x10"^) were observed. 
It is unfortunate that much of the early experimental 
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magnetostriction work suffered from three drawbacks which 
reduced its value from the standpoint of understanding the 
basic interatomic interactions involved. In the first place, 
no single crystal measurements were made until about 1930. 
Single-crystal cobalt was first measured as recently as 195^ 
(9), and most of this work on the rare-earth metals remains 
to be done. The need for single-crystal measurements of a 
bulk property like magnetostriction is well-recognized, 
especially if they are to be related to a theoretical ex­
planation in terms of interatomic forces. 
Secondly, most early measurements were made at room tem­
perature, probably chiefly due to the experimental difficulty 
of adapting the classical strain-measuring techniques to 
other temperatures. Most theoretical calculations, however, 
are referenced to absolute zero. Also, the temperature range 
of magnetic ordering may require that measurements be made at 
low temperatures, as in the case of the rare earths. In 
particular, the Russian work on holmium (4-1) is deficient in 
this respect. 
Finally, almost all early investigations suffered from 
a common disadvantage in that the strain measurements were 
referenced to the demagnetized state. This state may be 
obtained by an infinite number of domain distributions, 
depending on the method of demagnetization and the shape of 
the sample. Since domain rotations and domain wall movements 
5 
are at least partly responsible for magnetostrictive deforma­
tions, it may be seen that the so-called demagnetized state 
is not a unique strain reference state. 
General Remarks on the Theory of Magnetostriction 
The spontaneous magnetostriction 
Although the fundamental nature of the origin of mag­
netostriction is not yet quantitatively understood, there are 
some general remarks about the theory which can be made. A 
purely phenomenological theory was first given by Becker and 
Doring (1), and later in a simplified form by Kittel (25). 
In this theory, the magnetization is coupled to the macro­
scopic magnetostrain by terms in the magnetic interaction 
energy, involving various polynomials in the strains multi­
plied by polynomials in the direction cosines of the magneti­
zation. The form of these polynomials is governed by the 
symmetry operations appropriate to the crystal structure. 
The concept of the "spontaneous magnetostriction" as 
resulting from the strain dependence of the magnetic inter­
action energy was first stated by Kittel (25), although it is 
implicit in the work of Van Vleck (51). The term "magnetic 
interaction energy" is here meant to include the magneto-
crystalline (anisotropy) energy, the direct and/or indirect 
exchange energy, and the magnetostatic (demagnetizing) energy. 
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Em= Ea+ Eex + Ed CD 
To express the strain dependence, this energy may be 
expanded in a Taylor series in the components of the strain 
tensor, e^., 
Em = CEm)o + C^Em/<^ eij)0eij + e^ij ^ekl^o 
* eijekl + ••• (2) 
where the subscript zero refers to the undistorted lattice. 
The first term on the right, then, represents the magnetic 
interaction energy of the unstrained lattice. The second 
term, which depends both upon the magnetization and (linear­
ly) upon the strain components, is called the magnetoelastic 
coupling energy, Emc. The third term, called the "morphic 
energy" (4-1), is small compared to Emc and is usually ignored. 
It is seen that the origin of magnetostriction is due (for­
mally) to the fact that the magnetic interaction energy 
depends upon the state of strain of the crystal, i.e. upon 
the interatomic distances. Furthermore, if the strain is 
such as to lower the sum of the magnetic and elastic energy, 
the crystal will spontaneously deform. This deformation is 
called the spontaneous magnetostriction. 
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Magnetostriction in a ferromagnet 
It will be convenient for the purposes of the present 
investigation to deal separately with the magnetostriction of 
ferromagnetic and antiferromagnetic ordering. According to 
the domain theory due to Weiss, a ferromagnetic body consists 
of a number of domains; each is magnetized to some saturation 
value which depends chiefly on the temperature. In a zero 
applied field, the net moments of the domains are assumed to 
be oriented randomly along a limited number of preferred or 
"easy" directions in the crystal so that the net moment of 
the body is zero. 
The process of magnetizing a bulk ferromagnetic specimen 
under the influence of an applied field is a combination of 
two independent effects. Initially the domains oriented 
along easy directions near the field direction increase in 
volume at the expense of the less favorably oriented domains. 
This process is called boundary displacement, and is com­
pleted for relatively low applied fields. At higher fields 
the domain vectors are rotated out of their easy directions 
into the field directions, until they are all aligned 
parallel to the field. The sample is then said to have 
reached technical saturation. 
These two magnetization mechanisms both contribute to 
the bulk magnetostriction observed during the magnetization 
process in a typical ferromagnet. The strain resulting from 
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each may be of approximately the same order of magnitude. 
However, the strain resulting from the rotation of a single 
domain is the more interesting from a fundamental standpoint, 
since this strain is a measure of the anisotropy forces. The 
strain resulting from wall movements and many-domain rota­
tions depends on the exchange energy in the domain (Bloch) 
walls; this dependence is ambiguous unless the exact domain 
distribution is known. 
There is a third process contributing to the magneto­
striction which arises from the interaction of the magneti­
zation with the demagnetizing field. Since this field 
depends on the shape of the specimen, it will be altered by 
a deformation of the body. This gives rise to an additional 
strain known as the form effect. This strain is usually 
small and is always ignored when the total magnetostrain is 
larger than 10~^ (48). 
Having ignored the effects of E^ in Equation 1, it 
remains to separate the strain-dependence of the anisotropy 
energy, Ea, from that of the exchange energy, EQX. This is 
accomplished experimentally by observing the strain which 
accompanies a variation in the direction in which the crystal 
is magnetized to saturation. (As Kittel (25) has pointed 
out, the direct exchange energy cannot contribute to this 
strain, since by its form it refers only to the angles 
between the spins. Thus the spin system may be rotated 
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in toto with respect to the lattice without changing the 
exchange energy.) It is necessary, therefore, to find the 
way in which the spontaneous lattice strain depends on the 
direction of magnetization, and how this dependence is ob­
tained from lattice symmetry considerations. This relation 
will indicate what measurements must be taken in order to 
describe the saturation (and hence the spontaneous) magneto­
striction for a specified lattice symmetry. 
The problem may be stated formally in terms of the 
energy as follows: The total strain-dependent energy of the 
crystal is taken to be the sum of the elastic energy and the 
magnetoelastic coupling energy. 
These terms must satisfy the requirements of crystal symmetry. 
These operations for hexagonal symmetry have been performed 
by Bitter (7). The components of the strain appearing in the 
presence of an external magnetic field and zero external 
stress are obtained by minimizing the total (symmetrized) 
energy with respect to these strains, i.e., 
Et " Eel + Emc (3) 
cijkleijekl + E^m/deij)oeij oo 
c>E^/de^j= 0 (5) 
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yielding the e.. as fuctions of the magnetization. The 
1J 
linear strain (magnetostriction) is then given in terms of 
the ejj by use of the well-known relation (e.g. 29) 
X = eijPiPj> (6) 
where the fa are the direction cosines of the linear strain. 
The result of this calculation for a hexagonal structure 
(class D&%) has been given by at least five authors in five 
different forms (4, 7, 11, 28, 30), involving slight rear­
rangements of the constants. The form of Mason (30) has been 
used, in which the constants are the most convenient to 
measure. 
A L/L = XQ + I-(ŒlPl + a2^2^ ~ (^1^1 + a2^2 a^3^3^ 
+ XB [ (a^ 2 - a2Pl)2l 
+ Xq [(1 - a32)032 - (aiPi + a2^2 a^3^ 3^  
+ 4-Xg + °2^2^ O3P3] C7) 
The and fa are respectively the direction cosines of the 
(saturation) magnetization direction and the linear strain 
direction. 
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7^ese directions are measured with respect to a coordi­
nate system chosen such that the z axis is parallel to the 
hexagonal c axis, the x axis parallel to the crystallographic 
a-j_ axis, and the y axis perpendicular to the x and z axes 
(the bj axis). The x and y axes define what is called the 
basal plane (Figure la). 
By use of the transformation 
= cos a, - cos p 
(alPl + a2P2) - sin a sin p cos y, 
Equation 7 may be put into a slightly different form (Figure 
lb). This form, being independent of directions in the basal 
plane, exhibits the cylindrical symmetry around the c axis. 
A term characteristic of hexagonal symmetry appears in the 
next order of approximation to Equation 7, i.e. out to the 
fourth power of a^. Mason (30) has shown that this descrip­
tion requires nine constants, instead of four. 
Magnetostriction in a helical antiferromagnet 
The spiral spin structure which exists in holmium, 
terbium, and dysprosium for specified temperature ranges has 
elicited considerable recent theoretical interest (e.g., 18, 
2*+, 33, 37, 53, 5L0. In this unusual spin configuration, all 
Figure la. Description of the various Figure lb. The four-constant magneto-
directions striction equation 
SATURATION MAGNETOSTRICTION CONSTANTS 
FOR HEXAGONAL CRYSTAL 
= \A (sin^a sin^gcos^ y-sin a cos a sin jQcos /3cos y ) 
+ X B(sin^a sin^/3 sin^ 
/ 2 2 \ 
+ X (Jsin a cos p-sin a cos a sin gcos /3cos y ) 
+ 4 Xp^sin a cos a sin /3 cos /3cos y ) 
H 
rv 
o1 
(a) (b) 
Ms - MAGNETIZATION DIRECTION 
AL 
STRAIN DIRECTION 
f=» 
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of the spins within each hexagonal basal plane are coupled 
ferromagnetically, so that they are parallel to each other 
and perpendicular to the hexagonal c axis. The spins of 
adjacent planes are successively turned at a small angle q0 
with respect to each other. Thus the system has a screw 
structure, in which the spin vectors rotate uniformly with 
angle qQ from layer to layer. In holmium this configuration 
is stable in the temperature range 19°K to 133°K. Below 
19°K the spiral becomes a shallow cone around the c axis, 
with a small component of the spontaneous magnetization along 
this axis (Figure 2). 
The pitch (i.e., the angle q0) of the helical structure 
depends on temperature and magnetic field. The interlayer 
turn angle increases nearly linearly with the temperature in 
the antiferromagnetic region. The helix will be slightly 
deformed in fields less than the critical field, H^. For 
fields greater than H%, the helix is destroyed and ferro­
magnetic ordering occurs along the field direction. The 
possibility of stable intermediate states has been proposed 
theoretically by Nagamiya et al. (37). 
The origin of the interaction that gives rise to the 
helical and conical magnetic structures is not yet fully-
understood. According to Nagamiya (36), Enz (19), Mattis and 
Donath (31), and Miwa and Yosida (33), the theory which is 
most satisfactory from the standpoint of explaining the 
Figure 2. The magnetic structures of dysprosium, holmium, terbium, and erbium 
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various orderings with a minimum of adjustable parameters 
seems to be an indirect exchange theory. In this model the 
magnetic metal consists of an array of localized spins. 
These interact with the delocalized conduction electrons via 
"direct exchange" interaction. Thus the interaction between 
localized spins is only virtual, the spin deviations being 
transmitted by the conduction medium. This "indirect ex­
change" interaction extends over a number of atomic distances 
and the sign is a function of distance. After making a 
series of approximations (which are not universally valid), 
Yosida arrives at a Heisenberg-type Hamiltonian among the 
localized spins: 
H = -J(Rij)Si.Sj , (8) 
where J(R^j) is the Ruderman-Kittel-Yosida C+3, 52) inter­
action of the form 
J(Rjj) = JQ« (sin x - x'cos x) / x\ x = Rjj/R0. (9) 
Rq is a constant length of the order of one atomic distance. 
A suitable choice of R0 yields exchange interaction 
parameters of opposite sign and different magnitude for the 
interaction between adjacent layers of spins and between 
next-nearest-neighboring layers. The spiral structure then 
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results from a competition between these interaction; Enz 
(19) has stated the conditions on J(Rij) for the spiral con­
figuration to have the minimum energy. Elliott (18) has 
shown that the effects of the crystalline electric field due 
to conduction electrons and ion cores, and of the quadrupole-
quadrupole interaction between the localized (4-f) charge 
clouds must be considered. Murao (35) has shown that the 
"bunching" behavior of the conduction electrons near the 
localized clouds is too complicated to be treated by the 
customary "screening constant." The effect of the anisotropy 
energy on the spiral and conical structures has been investi­
gated by Nagamiya (36) and Miwa and Yosida (33). In the 
region of the screw structure in holmium, the two-fold 
uniaxial anisotropy tends to keep the spins perpendicular 
to the c axis. The six-fold anisotropy in the basal plane 
tends to modify the uniform rotation of the spins. 
An additional effect which may be important is the mag-
netoelastic or the magnetostriction energy which would arise 
chiefly from the strain dependence of the largest energy 
term, i.e. the indirect exchange energy. It is 'interesting 
that this effect is barely mentioned in most theoretical 
treatments. Only Enz (19) admits this effect as a possible 
modification of the total energy; after estimating the size 
of the magnetostriction he apparently dismisses it. The pres­
ent work will show that his estimate of 10"^ is too low. 
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MEASUREMENT OF THE MAGNETOSTRICTION 
Preparation of the Specimens 
Like many other properties of bulk material, the mag­
netostriction is the result of an average over the many 
domains in the material. The magnetostriction within a 
domain may be directly correlated with the bulk magneto­
striction only if the directions of the crystal axes are the 
same for all domains. For this reason, single crystal 
specimens were employed throughout the present investigation. 
The specimens of gadolinium and holmium metal were 
obtained from polycrystalline metal prepared by the standard 
techniques (46, 47) in the Ames Laboratory. The single 
crystals were grown by H. E. Nigh of this Laboratory using 
the strain-anneal technique which he has developed. The 
arc-melted button of the metal (typically ca. 1 cm. thick and 
3 cm. in diameter) was annealed for about 12 hours at a tem­
perature of about 100°C below its melting point under an 
atmosphere of argon. A complete description of the method 
together with the furnace employed is given by Nigh (39). 
„ As was indicated in the previous section, the inter­
pretation of the observed bulk magnetostriction in terms of 
the magnetostriction of each domain is simple and unambiguous 
only when the specimen is magnetized as a single domain. 
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This situation obtains with the least magnitude of applied 
magnetic field when the field is uniform throughout the 
volume of the specimen, implying a uniform applied field and 
a uniform demagnetizing field. To satisfy this last condition 
the specimen must be ellipsoidal in shape. 
Common practice in magnetostriction measurements is the 
use of disc-shaped specimens with the axis of the disc per­
pendicular to the magnetic field direction. This method has 
the advantage of retaining the same, nearly-ellipsoidal 
geometry for any direction of the field in the plane of the 
disc. 
Three specimens of gadolinium and two specimens of 
holmium were prepared using the Servomet spark-erosion 
cutter. The plane surfaces of the discs were polished with 
emery paper into their final orientation. The directions of 
these faces were checked to less than 1.0° using Laue back-
reflection photographs. All surfaces were elec'rolytically 
polished until no strain was evident from observation of 
Laue photographs. Light scratches were placed on the pol­
ished surface of the disc parallel to the crystallographic 
directions to serve as fiducial marks for alignment purposes. 
The orientations and dimensions of the specimens are sum­
marized in Table 1. Purity analyses of the crystals from 
which each of the specimens was cut appear in the appendix. 
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Table 1. Specimen dimensions and orientations 
Element Orientation Diameter Thickness 
of plane of disc of disc 
of disc (inches) (inches) 
Ho JL c 0.4-19 0.0496 
Ho lal 0.24-1 0.0359 
Gd ibi 0.275 0.0712 
Gd 1 c 0.201 0.0212 
Measurement of the Strain 
Magnetostrains were measured using electrical resistance 
strain gages. The specimens were placed in a magnetic field 
in excess of 25,000 Oersteds, and enclosed in a cryostat 
which permitted a temperature variation from 1.3°K to 350°K. 
The outer dewar system was designed and built by D. T. 
Nelson, and differs from his description (38) only in that 
the outer wall diameter has been reduced to 5i inches to be 
accommodated by the magnet access port. The inner cryostat, 
or heat-leak chamber, was constructed by the author and is 
similar in design to the system of R. V. Colvin (12). It 
consisted of an isothermal copper chamber which was separated 
thermally from the bath by a five-inch length of thin-wall 
stainless-steel tubing and by a layer of exchange gas (helium 
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gas at pressures adjustable from atmospheric to 10 microns 
Hg). Heating and temperature-sensing elements on the copper 
chamber were connected externally to a d-c servo-amplifier 
and power supply. The sensitivity of the system was such 
that the temperature of the copper chamber could be auto­
matically monitored and controlled to within at least 0.1°K 
over the entire range from 1.3°K to 350°K. 
Specimen temperature was measured by means of a copper-
constantan termocouple (Figure 3a). It was tested initially 
at helium and nitrogen bath temperatures, and the differences 
in emf from the values of a much more extensively calibrated 
thermocouple taken from the same spool of wire were used to 
establish a calibration. During each liquid helium run the 
J+.2°K calibration was redetermined. 
The magnet used in this investigation was an Arthur D. 
Little electromagnet. The maximum obtainable field was 25.8 
kilo-Oersteds using a 1 7/8 inch pole gap and 5 3A inch 
diameter pole faces. Measurements with a Rawson type 511 
fluxmeter indicated a homogeneity of 0.1 kOe over a sphere of 
two cm. in diameter. The magnet was height-adjustable, and 
capable of 360° rotation about a vertical axis. 
The use of the electrical resistance strain gage tech­
nique (cf. Goldman and Smoluchowski (21)) to measure the 
magnetostrains led to a very simple experimental arrangement 
(Figure 3a). Besides the advantage in convenience of this 
Figure 3a. Schematic drawing of Figure 3b. Schematic diagram of the 
the sample holder strain gage bridge 
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method over the use of optical or mechnical levers at cryo­
genic temperatures, the small required specimen size has 
obvious appeal when working with single crystals. A similar 
arrangement is described by Birss and Lee (5). 
The sample is shown in position (Figure 3a), secured to 
the high-purity copper sample holder by G. E. adhesive no. 
7031. A thin layer of cardboard served as a strain, insulator 
between the specimen and holder. The removable part of the 
sample holder was rotated into final position, and by means 
of a 25 power microscope and a plumb bob arrangement the 
specimen and gage were carefully aligned with a bar fixed to 
the top of the sample-holder tube. This bar was then used to 
orient the external field with respect to the gage. 
The active strain gage was carefully aligned with the 
fiducial mark and affixed to the specimen. This gage formed 
one arm of a high-resolution Wheatstone bridge. A second 
dummy gage was placed near the active gage and formed an 
adjacent arm of the bridge. Thus the effects of temperature 
and magnetic field on the gage resistances tended to cancel, 
leaving only the effect of the magnetostrain upon the active 
gage. The opposite arms of the bridge consisted of two low 
temperature-coefficient 100 ohm precision resistors wound 
bifiliarly on a common form. These were enclosed in a con­
tainer at the top of the sample holder tube to shorten lead 
wires and minimize the amount of dead resistance in the gage 
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arms. The adjustable part of the bridge consisted of two 
decade resistance boxes, one in parallel with each of the 
precision resistors. A diagram of the bridge is shown in 
Figure 3b. 
Considerable effort was spent in finding a combination 
of strain gage and adhesive which would maintain a firm bond 
to the specimen at low temperatures. Two general classes of 
adhesives were tested: the nitrocellulose types (e.g. 
"Duco") and the epoxy resin types. The chief advantage of 
the nitrocellulose types was their ease of removal by dis­
solution in acetone; their common prohibitive disadvantage 
was the tendency of the bond to fail at temperatures below 
about 77°K. The epoxy resins provided a strong bond through­
out the desired temperature range. No solvent exists for 
these resins, and it was initially felt that the difficulty 
of removing the gage without damage to the specimen precluded 
their use. However it was learned that a chemical, dimethyl 
formamide, will loosen the surface bond (without dissolving 
the cement) and in time (2W+8 hours) completely remove the 
gage. The cement which was finally used was a high-tempera­
ture curing epoxy resin, Budd type GA-50. 
Several types of gages made of two different alloys were 
tested, and considerable difference in the magnetoresistance 
was noted between types. Early in this investigation use was 
made of the Baldwin-Lima-Hamilton types SR-4 FAP-12-12 and 
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SR-1+ FAB-12-12; both were made of constantan (Advance) and 
differed only in the backing material. This alloy, con­
sisting of 55# copper and 45# nickel, is known to have an 
ordering temperature at 60°K (50). The magnetoresistance is 
very large below this temperature, so that gages made of this 
alloy could not be used at very low temperatures. The strain 
gages used for all the measurements reported here were Budd 
type C9-621+, from a single lot number J1-AC1-1. These gages 
were made of an alloy consisting of approximately 15# 
chromium, 57# aluminum, 28# iron. Magnetoresistance cali­
brations have been made of three of these gages. In one 
run the active gage was bonded to high-purity copper; in two 
runs the gages were bonded to yttrium. The results of these 
runs showed an undetectable magnetoresistance down to 20°K. 
At \»2°¥L the apparent strain due to magnetoresistance was as 
large as 50 x 10"^; however, the strain difference as the 
maximum magnetic field was rotated 90° was less than 5 x 10"^ . 
Absolute calibration of the gage factor for the entire 
temperature range was obtained by means of a deflection beam 
apparatus. A similar calibrator is described by McClintock 
(32). Using this apparatus, it was possible to subject the 
gage to a known strain at temperatures of 300°K, 195°K, 
77°K, 20°K and 4.2°K. 
McClintock gives the simple theory which yields the 
strain on the surface of the beam. Several assumptions of 
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this theory were apparently not fulfilled in practice (e.g., 
the assumption of a rigidly fixed beam end). A separate 
calibration of the strain on the beam at room temperature 
was therefore made by measuring a number (twelve) of strain 
gages. The gage factor of the type C9-62k gages was found 
to increase monotonically with decreasing temperature; a 
maximum correction of 9$ was recorded at 1+.2°K. 
Treatment of the Data 
The bridge circuit used for measuring strain gage 
resistance is shown in Figure 3b. Strictly speaking, only 
relative changes in active strain gage resistance, A RA, were 
measured, since only relative changes in length (strain) were 
measured. Referring to the circuit, consider the bridge to 
be balanced at some suitable initial state of strain. An 
additional strain A L/L will cause a resistance change R^ 
in the active gage; a corresponding resistance change ZX R2 in 
the decade resistance will then be required to rebalance the 
bridge. The relation between A R2 and the strain is given by 
AJl = JL • . 1 (io) 
L GK R2 1 + Rx + R2 
AR2 
where the gage factor is defined 
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« - t} / ¥ (11) 
This number was typically about 2.1 at room temperature. The 
factor K is a correction factor for the temperature variation 
of G. Also, a small (ça. 0.6#) correction was made for the 
"dead" resistance R^ of the lead wire in the active arm of 
the bridge; this factor C is defined 
The values of Rg, R^ and RD do not appear in Equation 
10, and the value of RA appears only as a small correction. 
In practice this meant that the value of R2 was reset to a 
predetermined value prior to each strain measurement and the 
bridge was balanced at the initial state of strain by 
adjusting the value of R^ . 
Using strain gages for which G = 2.1, the over-all 
strain sensitivity of the bridge was such that a strain of 
1 x 10"^ gave a deflection of 0.67 mm. on the galvanometer. 
C = RA + RL 
^A 
(12) 
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EXPERIMENTAL RESULTS 
Gadolinium 
The saturation magnetostriction constants of Equation 7 
are shown as a function of temperature in Figure b. The 
method used in obtaining these data is summarized in Table 2. 
For example, the constant X^ is the strain parallel to the 
a, axis observed as the external field of 26 kOe is rotated X % 
from a direction parallel to the c axis into a direction 
parallel to the a-j_ axis. Since all strain measurements were 
made between unique magnetic states (saturation), the pre­
viously-mentioned ambiguity of the reference state of strain 
did not exist. The experimentally determined quantity 
(Xg - X^) is also shown in Figure 4. The quantity Xg was 
derived by graphical addition of this curve to the curve of 
Table 2. Plan of measurement of magnetostriction constants 
Gage 
direction 
Direction of saturation 
Initial Final 
Constant 
obtained 
*1 
45° to c 
c 
c 
c 
c 
Figure 4. The saturation magnetostriction constants of gadolinium 
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Contrary to statements made by Birss (4) and Birss and 
Lee (5)) a minimum of two crystallographic orientations of 
the disc-shaped specimens is required to evaluate the four 
saturation constants. Mathematical interpretation of the 
data is greatly simplified if these orientations can be 
chosen so that a principal crystallographic direction is 
perpendicular to the plane of the disc. The orientations of 
the specimens employed is given in Table 1. 
Holmium 
The problem of describing the magnetostriction of 
holmium is quite different from describing that of gadolinium 
or the ferromagnetic transition metals. In the latter the 
anisotropy is small enough so that a moderate applied field 
will saturate the crystal in the hard directions. The 
anisotropy in holmium is so large, however, that it is proba­
bly not possible to saturate the hard c direction in fields 
of less than lCr Oe. For this reason, the observed strains 
were referenced to the demagnetized state. This necessarily 
led to uncertainties in the measured strain values. 
The principal axes of the strain ellipsoid were chosen 
to be parallel to the crystallographic directions. The three 
principal linear strains were measured as a function of 
applied magnetic field for various temperatures. The shear 
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strains were not measured. 
The behavior at four temperatures was investigated in 
detail: 4.2°K, 20.1+OK, 45°K and 77°K. Several considera­
tions were involved in the choice of these temperatures. 
These temperatures are representative points in the regions 
of conical and helical magnetic order. At temperatures much 
higher than 80°K the amount of required external field 
exceeded the maximum of the magnet used, as will be seen. 
Also, these temperatures were easily reproducible to within 
small fractions of a degree, being the bath temperatures of 
the three common cryo-liquids and the practical limit of 
pumping on solid nitrogen. This was useful because at least 
two gage orientations on two samples were needed at each 
temperature. 
The data are grouped according to the crystallographic 
direction of the applied field. For the field parallel to 
the bj_ (easy) direction, magnetostrains in the a^, b^, and 
c directions are shown in Figures 5-8 for each of the 
selected temperatures. These plots are the composite results 
of measurements on two samples; the plane of one disc con­
tained the a^ and b^ and the other contained the b-j_ and c 
axes. Thus it was possible to measure the linear strains in 
the three principal directions, and to duplicate the results 
between two specimens along the bj axis. The shaded boxes 
on these plots are the results from the bj-c specimen. 
Figure 5« The magnetostriction of holmium as a function of 
applied magnetic field parallel to the h, axis 
for a temperature of 4.2°K 
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Figure 6. The magnetostriction of holmium as a function of 
applied magnetic field parallel to the h, axis 
for a temperature of 20.4°K 
37 
ALc 
3000 
2000 
1000 
ALb 
-1000 
AL 
-2000 
Hllb 
-3000 
T=20.4 °K 
0 5 10 15 20 25 
H  a p p i  ( k O e )  
Figure 7« The magnetostriction of holmium as a function of 
applied magnetic field parallel to the b_ axis 
for a temperature of N-5^ K 
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The magnetostriction of holmium as a function of 
applied magnetic field parallel to the b, axis 
for a temperature of 77 K 
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The magnetostriction is shown for the field parallel to 
the a-ji axis in Figures 9-12. Since a c-a^ specimen was not 
available, it was not possible to measure the strain parallel 
to the c-axis. 
The magnetostriction is shown in Figures 13 - 16 for the 
field parallel to the c axis. Again, since the c-aj specimen 
was not available, it was not possible to measure the strain 
parallel to the a^ axis. The scale on the ordinate is con­
siderably expanded in this group as compared to the previous 
plots. 
Measurements were also made of the magnetostriction as 
a function of the direction of the maximum applied field 
(26 kOe). In this measurement the direction of the applied 
field was rotated in the plane of the specimen disc; the 
resulting strains along principal directions were then 
observed. The magnetostriction along the c and b^ axes as 
the applied field was rotated in this plane for the various 
temperatures is shown in Figures 17 - 20. The magneto­
striction along the b^ and aj axes as the applied field was 
rotated in the basal plane is shown in Figures 21 - 2k for 
the various temperatures. 
Figure 9• The magnetostriction of holmium as a function of applied, magnetic field 
parallel to the a1 axis for a temperature of *+.2°K 
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Figure 10. The magnetostriction of holmium as a function of applied magnetic field 
parallel to the a^  axis for a temperature of 20.4°K 
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Figure 12. The magnetostriction of holmium as a function of applied magnetic field 
parallel to the a^ axis for a temperature of 77°K 
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Figure 12. The magnetostriction of holmium as a function of applied magnetic field 
parallel to the a^ axis for a temperature of 77°K 
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Figure 13. The magnetostriction of holmium as a function of applied magnetic field 
parallel to the c axis for a temperature of b.2°K 
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Figure 14. The magnetostriction of holmium as a function of applied magnetic field 
parallel to the c axis for a temperature of 20.4°K 
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Figure 15. The magnetostriction of holmium as a function of applied, magnetic field 
parallel to the c axis for a temperature of b5°K 
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Figure 16. The magnetostriction of holmium as a function of applied magnetic field 
parallel to the c axis for a temperature of 77°K 
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Figure 17. The magnetostriction of holmium as a function of 
the direction of the applied magnetic field 
(26 kOe.) in the b-i-c plane for a temperature 
of k.2°K 1 
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Figure 18. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the bq-c plane for a temperature 
of 20.4°K 1 
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Figure 19. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the b-i-c plane for a temperature 
of 45°K 
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Figure 20. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the bn-c plane for a temperature 
of 77°K 1 
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Figure 21. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the an-bn plane for a temperature 
of 4.2°K 
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Figure 22. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the a,~h, plane for a temperature 
of 20.4°K 
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Figure 23. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the a,-bn plane for a temperature 
of k5°K 1 1 
72 
Ho 
2000 
1000 
0 
-1000 
T=45°K 
H appl = 26kOe -2000 
-30 0 30 60 90 120 
y, Angle of H to b axis in a -b plane 
Figure 2k. The magnetostriction of holmium as a function 
of the direction of the applied magnetic field 
(26 kOe.) in the a,-h, plane for a temperature 
of 77°K 
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DISCUSSION OF THE RESULTS 
Gadolinium 
The magnetostriction constants of gadolinium are quite 
representative of that of a "normal" ferromagnetic, with 
respect to magnitude and temperature variation. The results 
may be compared with those reported by Bozorth (9) for 
cobalt, the other common ferromagnetic material with hexago­
nal crystal structure. This is shown in Table 3. 
Table 3. Comparison of the saturation magnetostriction 
constants of cobalt and gadolinium 
Saturation Cobalt at Gadolinium 
magnetostriction room at 
constant temperature 100°K 
XA - 45 x 10"
6 
— 96 X 10~6 
XB - 95 x 10"
6 
-161 X 10"6 
XC 110 x 10~
6 136 X 
v
o
 1 O
 
1—1 
XD -100 x 10~
6 21 X 10~6 
No data are available on the temperature variation of 
the magnetostriction of cobalt. However the results of Birss 
and Lee (6) and Corner and Hunt (13) on single crystals of 
nickel show the same general type temperature dependence; 
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i.e., the saturation constants have maximum values at low 
temperatures, decrease with increasing temperature, and 
finally vanish near the Curie point. 
The only anomaly apparent in the curves (Figure *+) 
occurs at the temperature of 218°K. The quantity (Xg - X^) 
changes sign here; also, the constant X& levels off around 
this temperature. This is in close agreement with Belov 
et al. (2), who found that the longitudinal magnetostriction 
of polycrystalline gadolinium changes sign between 210°K and 
2l5°K. Corner and Hutchinson (14), who also measured poly­
crystalline specimens, found this temperature to be 233°K. 
The magnetocrystalline anisotropy measurements of Corner 
et al. (15) and Graham (22) indicate that there is an abrupt 
change in the easy axis direction near 230°K. Above this 
temperature the easy direction is along the c axis; below 
this temperature there is an easy cone around the c axis. 
Corner suggests that the cone angle reaches a smooth maximum 
of 80° near 200°K and then decreases to about 30° at absolute 
zero. Graham states that the cone angle goes sharply to 90° 
so that the easy direction is in the basal plane from about 
200°K to about 150°K; then the cone angle decreases to 30°• 
The fact.that the only anomaly in the magnetostriction curves 
occurs near 220°K seems to support Corner's results. 
Because of the intimate connection existing between the 
anisotropy energy and the magnetostriction, there seems to be 
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little doubt that the observed anomaly is related to the 
reported change in easy direction. However, because of the 
theoretical uncertainty as to the physical cause of the 
anisotropy, a more quantitative connection than has been 
indicated in the remarks on theory is not given. 
Van Vleck (51) has given a semiphenomenological theory 
(which is representative of the current theories) for the 
anisotropy of the energy. In his theory, which involves 
rather drastic approximations, the spins interact wit^ the 
orbital angular momentum via spin-orbit coupling; the orbital 
angular momentum interacts in turn with the lattice by means 
of the electrostatic crystal fields and orbital exchange 
interaction (quenching). This leads to a "pseudeo-dipolar" 
type of interaction having the same form as that arising 
between two magnetic dipoles, but about 100 times larger in 
magnitude. (It has long been known that ordinary magnetic 
forces are much too small to account for observed values of 
the anisotropy (25).) 
While this theory may have some validity for the ferro­
magnetic transition elements, there are several difficulties 
in applying such a theory to gadolinium. In the first place 
it is generally believed that spin-orbit coupling is very 
strong and that "quenching" does not occur in the rare earths. 
Furthermore the orbital augular momentum of the tripositive 
gadolinium ion is zero. The order of magnitude of the 
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anisotropy, on the other hand, is nearly the same as that of 
cobalt. Thus it seems plausible that a different type of 
interaction is responsible for the magnetostriction of 
, gadolinium from that which is important in iron, nickel and 
cobalt. 
Smit ej; al. (44) have given a qualitative picture which 
seems to provide an explanation for this difference. Con­
sider, for example, a particular cobalt ion in a crystal 
matrix of other cobalt ions. The action of the electrostatic 
field, E, tends to bind the orbital angular momentum, L, to 
one crystal axis, K. The torque exerted by the field on the 
crystal (which defines the anisotropy energy) is then caused 
by the coupling of the spin S to L (vLS), and by the coupling 
of S to the field. 
This latter coupling is the exchange interaction. This 
may be seen by considering I, the magnetization of the 
crystal (which is aligned along the field) as a molecular 
field approximation to the field seen by the particular 
cobalt ion. The exchange interaction (Equation 8), 
2Ji^ SiSi ~ JSSS.~ JS.I (13) 
is more important than the action of the field on the indi­
vidual ion. The spin-orbit interaction, y, is much weaker. 
The picture (Figure 25a) is then one of three springs in 
Figure 25. Schematic representation of the various interactions in cobalt and 
in gadolinium 
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series; in such a series the force for a certain deformation 
is determined by the weakest spring, y* The behavior in 
gadolinium is similar, with the important difference that E 
and X are strong and J is relatively weak (Figure 25b). 
During the course of this investigation, the saturation 
magnetostriction constants of gadolinium were reported by 
• Bozorth and Wakiyama (10). The agreement between their data 
and the present data is generally quite good, with the fol­
lowing major exceptions. The curve Xq reaches a maximum of 
120 x 10"* and is flat down to 4.2°K in Bozorth1s work; in 
the present work this constant reaches a maximum of l4o x 
ÎO"* and slopes down to 88 x 10~* at 1+.2°K. Secondly, the 
curve of X^ in Bozorth's work exhibits no fine structure at 
220°K; since smoothed curves and no data points are shown, it 
is difficult to determine whether or not an anomaly was found. 
It may be that a third experiment is necessary to resolve 
these discrepancies. 
Holmium 
The curves of the magnetostriction as a function of the 
magnitude of applied field exhibit the largest effect (3500 
x 10"*, Figure 7) of this kind which has been reported in the 
literature. The previous largest effect was 1000 x 10"* in 
polycrystalline dysprosium reported by Belov et al. (2). The 
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maximum value for cobalt, a "normal" ferromagnet, was 120 
x 10"6 (9). 
The most interesting set of these curves is that for the 
applied field parallel to the b-^ axis (Figures 5-8), 
because it is only in this direction that the crystal can be 
saturated. These curves exhibit a field dependence similar 
to the magnetic moment curves of Strandburg et al. (4?), and 
the general shape may be interpreted as follows, At zero 
field the magnetic structure is a helix (or helical cone 
below 19°K). The effect of applied fields smaller than a 
critical field, H^, is to distort the helix slightly, causing 
relatively small strains characteristic of an antiferromagnet. 
As the value of the applied field reaches H^, the helix 
begins to collapse into a ferromagnetic alignment parallel 
to the field. At sufficiently high fields saturation is 
obtained, as indicated by the flat portion of the curves. 
The curves indicate that there are intermediate phases 
between these states; these knees are observed in Strand­
burg 1 s data above about 40°K; in the magnetostriction they 
appear throughout the temperature range. Further experi­
mental basis for these states is given by the neutron dif­
fraction work of Koehler (26). 
The value of increases with increasing temperature in 
agreement with the magnetization measurements. This increase 
is believed to be associated with the increase in the 
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interlayer turn angle, which shows the same linear dependence 
on temperature in the region of helical antiferromagnetism. 
When the helical magnetic structure is destroyed by the 
magnetic field, the interlayer angle changes from about *+0° 
or 50° to zero. The accompanying large strain is a direct 
manifestation of the change in the interaction energy between 
layers. An order-of-raagnitude calculation of this change in 
energy may be made by calculating the elastic energy. For 
hexagonal symmetry this is given by (29) 
Eel = 1/2Cll e^ii + eiV + °12elle22 
+ c13(el-l+ e22 )  e33+ C33e33 ' (11+) 
where the shear strains are not included. No data are 
available for the elastic constants of holmium. However, 
these constants do not vary over a wide range, and a reasona­
ble approximation would be to use the constants which Smith 
and Gjevre (4-5) have measured for yttrium. This metal is 
also hexagonal and is very similar to the rare-earth metals 
in its elastic properties. These constants, together with 
the observed strains at 4-5°K, give a value of 
Eel ~ 107erg/cm3 (15) 
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for the energy associated with the helix to ferro transition 
at this temperature. 
X-ray studies of Darnell and Moore (16) on the crystal 
structure of dysprosium have shown that there is a crystal 
lattice structure change as the magnetic structure goes from 
helical to ferro. The hexagonal lattice is discontinuously 
distorted to an orthorhombic structure. Since the magnetic 
structure transformations are the same in dysprosium and 
holmium (Figure 2), it is expected that this transformation 
in crystal structures also occurs in the helical region in 
holmium under the influence of an applied field. 
The set of magnetostriction curves for the applied field 
parallel to the a^ axis (Figures 9-12) show a strong 
similarity to those for the field parallel to the b^ axis 
(Figures 5-8). It is believed that the effect of applying 
the field along the a^ axis is also to break down the helical 
configuration and to pull the magnetization into the two easy 
directions 30° on either side of the field direction, causing 
the abrupt change in strain at the critical applied field. 
Further increase in the applied field tends to bend these 
two components into the hard direction parallel to the field. 
This conclusion is supported by the data; the slope of 
AL/L versus H>H^ is essentially zero for H parallel to the 
(easy) b axis. This slope is non-zero for H parallel to the 
(hard) a^ axis, indicating that saturation has not been 
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reached. Further, the maximum values of AL/L perpendicular 
to the applied field in the case H parallel to a^ are very 
nearly 0.866 = cos 60° times the corresponding maximum values 
in the case H parallel to b^ (cf. Figures 5 and 9, Figures 
6 and 10, and Figures 7 and 11). 
The set of curves of A L/L versus applied field along 
the c axis (Figures 13 - 16) are characteristic of the mag­
netostriction curves of an antiferromagnet, both in magnitude 
and shape. This is in agreement with the results of mag­
netization measurements in which only a small fraction ( 0.3) 
of the total moment appeared along the c axis in a field of 
18 kOe (4-9). Apparently the helix is only slightly deformed 
into a cone along the c axis under the influence of the 
applied field. The unusual shape of these curves at 4-.2°K 
has not been explained. 
The curves of magnetostriction versus the direction of 
the applied field (Figures 17 - 24-) exhibit rather unusual-
appearing behavior. However, it is possible to explain at 
least the gross features of these curves on the basis of what 
has been said. Consider first the magnetostriction as the 
direction of the applied field is rotated from the (easy) 
b^ axis into the (hard) c axis (Figures 17 - 20). Initially 
P' = 0 and the magnetization, I, the applied field, H, and 
the internal field, H', are parallel to bj. Then as 
increases, H1 leads H due to the effect of the demagnetizing 
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field NI, and I lags H due to the anisotropy (Figure 26a). 
This figure is somewhat exaggerated; actually NI was about 
10% of H. At a certain angle, 0^, the magnetic structure 
will abruptly switch from ferromagnetic to helimagnetic 
causing the sharp change in observed strain. This is because 
the component of H1 along the b^ axis, H-j^, has decreased to 
the point (Figure 26b), where the ferromagnetic alignment 
begins to collapse. 
To test this model, a calculation was made of H' based 
' bx 
on the observed pjj. and the geometry (Figure 26a) ; these were 
compared with values of H x^ estimated from the magnetization 
data (4*9). This is shown in Table 4. 
Table 4. Comparison of calculated and observed values of H£ 
Temperature Calculated Observed 
(°K) % (kOe) »ix (kOe) 
4.2 5.2 5 + 2  
20.4 6.5 ? ± 2 
45 13.9 1^  + 3 
77 20.2 data not available 
The observed values are difficult to estimate because, as 
is suggested (Figure 26b), the transition is not sharp. 
Figure 26a. Schematic drawing of the 
relation between the applied 
magnetic field, H, internal 
magnetic field, H» demag­
netizing field NI, and the 
magnetization I 
Figure 26b. Schematic drawing of a 
typical magnetization 
magnetostriction curve 
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A much better test of this model is available from a 
detailed study of the magnetostriction in the region 
It has been shown (30) that, for this type of rotation of the 
field, the magnetostriction along the bj or c axes will 
follow the relation 
(a») = K sin2a« , (16) 
L 
where pure uniaxial anisotropy is assumed, and the strain is 
referenced to a1 = 0. The dependence of a' on the observed 
P* is however not known. The simplest assumption would be 
an approximation of the form 
sin2 a1 = Osin2 (3* (17) 
= (sin2a^ ax)(sin^ p') ; (18) 
where sin is the ratio of the observed magnetic moment 
parallel to the c axis to the total moment ; 
s*n °max ^c^total * ^9) 
p 
The observed magnetostriction is plotted against sin j3' 
(Figure 27), showing fairly good agreement to straight lines. 
Thus Equation 18, or at least Equation 17, seems to be 
Figure 27» The observed magnétostriction in holmium as a function of sin2 
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verified. This technique provides a method of separating the 
magnetostriction due to the anisotropy from that due to the 
magnetic transition. 
From the slopes (Figure 27) it is possible to obtain 
values for X^ and Xq, the saturation magnetostriction con­
stants from Equation 7, where the magnetostriction is due to 
the magnetic anisotropy. These have been shown for various 
temperatures in Figure 28. The values at 45°K and 77°K are 
somewhat in doubt. The error bars shown are indicative of 
the uncertainties in the slope and in the value of a' . A 
max 
more fundamental error is due to the fact that Equation 18 
p 
may not be valid; i.e. C X sin ct^^. The validity of this 
assumption at 4.2°K is much more certain, since the behavior 
of A L/L can be followed for (31 up to {31 = 60°. 
The curves of magnetostriction versus angle of field 
rotation in the a^ - b^ plane (Figures 21 - 24-) exhibit 
unusual behavior which looks at first sight quite similar 
to that of the previous set of curves (Figures 17 - 20). 
It will be shown, however, that the sharp changes in strain 
are due to quite different causes. 
Consider the curve for 77°K (Figure 24-), which differs 
p 
by only a few per cent from a pure sin a dependence. It can 
p 
be shown that the sin a dependence arises in general only 
in case of complete magnetic isotropy (8). In a hexagonal 
single crystal, it may also occur for certain symmetric 
Figure 28. The calculated magnetostriction constants of holmium as a function 
of temperature 
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directions of the strain as the field is rotated in a plane 
containing the c axis (30). However it cannot occur for 
rotations in the a^ - bj plane unless there is magnetic iso-
tropy. The data thus indicate that there is no basal plane 
anisotropy at 77°K, and that the magnetization and internal 
field are following the external field rather closely. 
Consider now the curve for 4.2°K (Figure 21), which 
2 differs quite noticeably from a sin y dependence. This is 
thought to be due to two reasons: first, the true dependence 
on the direction of magnetization contains higher order 
terms, viz,, 
= K^ sin^ y + Kgsin^ y + K^ sin2y cos2y + ...; (19) 
second, the direction of magnetization does not follow the 
direction of applied field (i.e., the angle y in Equation 19 
is the angle of the magnetization, but not that of the 
applied field). Indeed, the six-fold anisotropy is so large 
at this temperature that the magnetization probably remains 
almost parallel to the (easy) b-^ axis as y (the angle of the 
applied field) increases from zero to about 30°. As y 
approaches 30°, the internal field H' passes the (hard) a 
axis since it leads the applied field, H. When this occurs, 
part of the magnetization, I, starts to build up along the 
96 
next (easy) b direction. This process of switching I between 
the adjacent easy directions is completed within a few 
degrees of rotation of H. The fact that it does not occur 
abruptly at y = 30° is seen to be due to the effect of the 
demagnetizing field. 
The behavior at 20°K (Figure 22) is similar to that at 
4.2°K. The curve for 45°K (Figure 23) represents an inter­
mediate type of behavior, where I probably follows H more 
closely due to the smaller six-fold anisotropy. 
The _above considerations suggest a method for calcu­
lating a basal plane saturation constant. This corresponds 
roughly to the quantity (XB - XA) from the form of Equation 
7 for rotation of the field in the basal plane: 
IT = (Xb - Vsln2r . (20) 
The true curve of versus the angle of I and the observed 
Ll 
curve of versus the angle of H must coincide at y = 0, 
60°, 120° etc. (the easy directions). Thus if the true 
curve were of the form of Equation 20, the constant could be 
deduced from the y = 60° value of the observed curve. Since 
the true curve is of the form of Equation 19, (but the 
leading term is probably sin2y), we may define the basal 
plane saturation constant, X , 
97 
XBP= 3 (Y = 6°0) • (21) 
If Equation 20 were the true curve, then 
~ • (22) 
The quantity \Bp is also plotted (Figure 28) for the various 
temperatures. 
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SUMMARY 
Saturation magnetostriction constants of single crystals 
of hexagonal gadolinium have been measured over its ferro­
magnetic range from >+.20K to 350°K. Maximum values of 
observed strains were about 14-0 x 10""^. Anomalous behavior 
was observed near 220°K, in agreement with measurements of 
magneto-crystalline anisotropy. 
Record high values of magnetostriction (3500 x 10""^) 
have been measured in holmium single crystals. These large 
strains have been related to the transformations in the 
magnetic structure. A method has been developed for sepa­
rating the magnetic transformation magnetostriction from the 
anisotropy magnetostriction. The saturation constants for 
the latter have been calculated; typical values at 4.2°K are 
about 2000 x 10 
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APPENDIX 
Discussion of Experimental Errors 
The estimated error in the measurement of the strain is 
derivable from Equation 10, where the strain is designated 
by X, and the change in R2 required to rebalance the bridge 
is designated r2> The errors in the small correction fac­
tors, K and C, have been neglected. 
The gage factor G was guaranteed by the manufacturer 
to + 0.5% at room temperature. The estimated error in 
is 0.01% and is negligible. The error in R2 and r2 is 
guaranteed not to exceed + 0.c5$. Thus the ultimate accu­
racy of the strain measurement is thus governed by the 
accuracy to which the gage factor G is known and by its 
reproducibility from one gage to the next. Notwithstanding 
the manufacturer's claim, it has been the experience of the 
author that agreement within 3% over the temperature range 
+ ( ûr2/r2)2 + [Ar2/(r2 + R2)]2 
(23) 
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is all that can be expected of these gages. 
The estimated error in the magnetic field is about 
+ 1.0% at moderate to high magnetic fields. At low fields 
(H < 5k0e), the non-reproducibility of the current setting 
increased the uncertainty to about + 10$. 
It is estimated that the sample temperature was known 
to within one half of one degree Kelvin over the entire 
temperature range. 
The crystallographic orientations of the planes of the 
samples were known within +0.5 degree of the quoted orien­
tations. The error in the direction of the measured strain 
was estimated to be + 1.0%. The orientations of the applied 
magnetic field were known to better than + 0.5%» 
Tabulation of Specimen Impurities 
The single crystals from which the specimens were cut 
have been analyzed for impurities by spectrographic and 
vacuum fusion method. The results are shown in Tables 5 
and 6. 
Tabulation of the Magnetostriction Data 
Tables 7 through 11 are a tabulation of the experi­
mental data obtained in this investigation. 
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Table 5. Impurities in the gadolinium 
Type of analysis Impurity Content (ppm) 
Vacuum fusion Ng 150 
Og 950 
H2 10 
Spectrographs Ca < 50 
Fe < 100 
Ta <1000 
Si < 250 
Mg << 200 
Y < 100 
Tb < 100 
Eu < 100 
Sm < 200 
Er, Ni, Yb, Trace 
Cu, Ta, Pb, W Faint trace 
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Table 6. Impurities in the holmium 
Type of analysis Impurity Content (ppm) 
Vacuum fusion 02 58 
H2 11 
Spectrographic Ca < 300 
Fe 75 
Ta < 500 
Mg < 50 
Si < 50 
Tm < 500 
Er < 500 
Dy < 150 
Yb < 50 
Y < 200 
Al, B, Na, Pb Faint trace 
It should be pointed out that the absolute accuracy of 
the strains and the magnetostriction constants reported in 
Tables 7 - 11 is 3%> Because the precision of the measure­
ment was somewhat better than this, additional significant 
figures have occasionally been included. These should be 
interpreted in the light of the over-all 3$ accuracy which is 
claimed in the Discussion of Experimental Errors. 
Table 7. The saturation magnetostriction constants of gadolinium, X (A* in./in.) 
as a function of temperature, T(°K) 
T XA T. -(xB-xA) T XC T XD 
4.2 -110.4 4.2 104.7 -215.2 4.2 87.6 4.2 24.7 
10 -110.5 10.2 105.0 -215.5 7.9 90.0 9.8 24.9 
15 -110.2 15.1 105.0 -215.4 12.3 93.1 15.2 25.0 
20.4 -110.2 20.4 104.3 -214.3 14.6 94.5 20.4 25.2 
26.0 -108.9 27.3 103.6 -212.1 17.7 97.0 24.9 25.0 
30.1 -107.9 33.0 101.3 -208.9 20.4 98.4 20.9 25.0 
34.0 -107.5 41.8 99.3 -206.1 22.6 99.5 39.5 24.2 
37.8 -106.9 48.8 95.7 -202.2 24.4 101.0 49.6 23.5 
41.0 -106.5 55.3 92.5 -198.9 29.4 104.7 60.1 22.4 
45.4 -106.5 60.3 90.3 -196.4 36.6 109.6 68.3 21.7 
49.1 -106.4 65.2 86.7 -I92.3 40.9 111.8 75.9 21.1 
55.4 -106.4 70.4 83.8 -188.5 46.0 115.1 82.0 20.4 
64.9 -105.5 76.0 80.9 -184.5 52.0 117.6 87.4 20.4 
71.5 -104.2 80.9 77.3 -179.6 60.0 120.5 93.2 20.4 
77.2 -102.9 86.6 73.7 -174.3 68.0 124.4 99.7 20.5 
84.7 -101.5 91.9 69.4 -168.2 77.6 128.2 113.1 21.5 
95.4 -97.7 97.2 66.5 -163.1 83.8 129.3 126.6 22.7 
106.0 -92.9 102.7 62.1 -156.7 94.0 133.6 139.0 23.8 
116.4 -88.1 107.7 59.5 -151.8 106.4 137.3 149.3 23.8 
127.1 -82.0 113.7 55.8 -145.2 120.2 140.0 162.4 23.8 
137.6 -75.4 120.6 52.2 -138.0 134.7 140.4 175.3 23.5 
148.0 -69.2 127.5 47.8 -129.7 148.6 139.5 188.0 23.5 
158.4 -62.1 134.8 43.4 -120.9 163.8 135.9 201.2 23.6 
168.9 -55.3 141.3 j?.l -112.5 179.3 130.4 213.0 22.5 
181.1 -48.6 150.0 34.2 -101.8 197.7 121.4 225.2 21.2 
Table 7. (Continued) 
T T XB T T 
190.0 -42.1 158.7 29.0 -9o.6 208.2 114.7 237.5 19.7 
200.7 -36.7 167.7 24.5 -80.2 220.5 107.4 248.6 18.2 
203.2 
-35.7 176.1 20.1 -7O.4 232.5 99.6 261.0 15.4 
207.6 -3 4.0 185.1 15.2 -60.2 247.6 86.8 272.7 13.0 
211.2 -32.7 194.2 10.3 -50.i 260.1 72.6 285.1 8.6 
213.3 -32.4 203.0 6.4 -42.1 275.1 55.5 295.7 5.6 
214.8 -32.1 212.0 2.5 -35.3 286.9 39.1 212.0 2.6 
216.3 -31.7 220.6 -1.0 -30.4 298.0 22.5 
220.1 -31.4 229.6 -4.0 -26.7 309.4 8.6 
223.4 -31*4 238.2 -7.3 -22.6 328.8 2.6 
227.0 -31.3 246.9 -9.7 -16.6 
230.6 -30.6 255.8 -12.5 —10.8 
234.0 -30.O 265.0 -13.7 -6.4 
239.4 -28.2 277.8 -13.8 -2.1 
244.7 -26.9 287.4 -12.4 0.1 
252.7 -24.5 296.8 -10.0 0.9 
261.6 -21.3 306.4 -7.2 0.9 
271.5 -17.4 315.6 -4.9 1.0 
282.0 -l4.l 324.4 —3.0 1.0 
294.8 -10.2 333.6 -1.9 1.9 
306.7 -6.4 342.2 -1.0 1.0 
318.9 -3.2 
330.7 -0.8 
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Table 8. Experimental data for the holium sample disc 
parallel to the a^-b^ axes. H, applied magnetic 
field (kOe.)j A.L/L, magnetostriction in./in.) 
H A L/L H A L/L H A L/L 
Applied field 
parallel to 
al5 gage 
parallel to a^ 
4.2°K 
0.3 -51 
0.45 -4l 
0.6 
-37 
0.75 -4l 
0.9 -37 
1.1 -48 
1.3 -87 
1.4 -105 
1.6 -134 
1.75 -l4l 
1.9 -197 
2.6 -203 
3.4 -139 
4.2 -130 
5.1 -133 
6.7 -129 
8.3 -119 
10.0 —108 
11.6 - 90 
13.3 -78 
16.6 - 51 
18.1 -4l 
19.3 -27 
20.9 -13 
22.4 -2 
23.3 6 
24.3 10 
25.0 20 
25.8 27 
20.4°K 
0.45 1 
0.75 1 
1.1 1 
1.4 1 
1.75 2 
2.1 2 
2.4 0 
2.75 -1 
2.9 -8 
3.05 -11 
3.2 -47 
3.4 -79 
3.6 -93 
3.75 -98 
3.9 -107 
4.05 -124 
4.2 
-139 
4.4 -146 
4.6 
-165 
4.7 -198 
4.9 -244 
5.1 -282 
5.2 -314 
5.4 -316 
5.55 -303 
5.7 -286 
5.85 -268 
6.05 -258 
6.2 -258 
6.4 
-259 
6.55 -262 
6.7 -264 
8.3 -272 
10.0 -26 7 
10.8 -262 
11.6 -256 
13.3 -244 
14.9 -231 
16.6 -216 
18.1 -204 
19.3 -192 
20.2 5 -185 
20.9 
-179 
21.5 -174 
22.0 -170 
22.4 
-167 
23.3 -159 
24.3 -151 
25.0 -145 
25.8 -137 
45°K 
8.3 -16 
10.0 -22 
10.8 
-51 
11.0 t69 
11.15 -76 
11.3 -69 
11.45 -56 
11.6 
-53 
11.8 -54 
11.95 
-57 
12.15 -61 
12.3 -72 
12.45 -83 
12.6 -102 
12.95 -169 
13.1 -212 
13.3 -242 
13.6 -276 
13.75 -275 
13.95 -26 7 
14.1 
-253 
14.25 -248 
14.4 
-247 
14.6 -246 
14.75 -247 
14.9 -247 
15.25 -249 
15.6 -251 
15.9 -253 
16.6 -256 
21.5 -24l 
23.3 -228 
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Table 8. (Continued) 
H A L/L H. A L/L H A L/L 
-14-56 ll.O -515 
-14-72 11.3 -580 
-1516 11.6 -610 
-1554 11.95 r.677 
-1564 12.3 -792 
-1570 12.6 -996 
12.95 -1193 
5K 13.3 -1390 
~~ 13.6 -1526 
13.95 -1604 
-4 14.25 -1647 
-148 14.6 -1671 
-204 14.9 -1689 
-219 15.25 -1703 
-374 16.05 -1724 
-639 16.6 -I749 
-IO27 17.4 -1765 
-1353 18.1 -1778 
-1588 19.3' -1798 
-1696 20.25 -1815 
-1706 21.5 -1830 
-1713 23.3 -1852 
-1729 24.3 -1865 
-1739 25.0 -1874 
-1765 25.8 -1887 
24.6 -218 6.7 
25.8 -209 10.0 
16.6 
77. 0°K 23.3 
25.0 
25.8 
5.0 -2 
20 8.3 -5 
11.6 -12 
14.9 -21 
16.6 -26 1.75 
17.4 -31 3.4 
18.1 -56 3.75 
18.4 -82 4.05 
18.7 -149 4.4 
18.9 -213 4.7 
19.1 -220 5.1 
19.3 -23O 5.4 
19.8 -248 5.7 
20.3 -273 6.05 
20.6 
-317 6.4 
20.9 -412 6.7 
21.1 -494 7.5 
21.3 
-585 8.3 
21.4 
-653 11.6 
21.7 -715 16.6 
22.2 -727 21.5 
23.3 -742 23.3 
24.3 -750 25.0 
25.0 -752 25.8 
25.8 
-753 
Applied field 
parallel to a^ , 
gage parallel^ 
to bi 
4.2°K 
0 -69 
0.3 -80 
•1794 
.1836 ZZ2£ 
•1848 
.i860 
.1866 
45°K 
1.75 -1 
5.1 -14 
6.7 -23 
8.3 -23 
9.15 -42 
10.0 -124 
10.3 -196 
10.65 -444 
2.4 
-3 
6.7 
-7 
10.0 -18 
13.3 -34 
17.4 -36 
18.1 -113 
18.4 
-157 
18.65 
-275 
18.9 -430 
19.1 -521 
19.3' -566 
19.55 -585 
19.7 
-597 
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Table 8. (Continued) 
H 4. L/L H A L/L H A L/L 
19.9 -609 1.9 -897 
20.1 -622 2.1 -1009 
20.25 -640 2.2 -1098 
20.4 -658 2.4 -1266 
20.5 -681 2.6 -1366 
20.7 -707 2.7 -1471 
20.8 -744 2.9 -1573 
20.9 -794 3.0 -1658 
21.05 -860 3.2 
-1733 
21.15 -917 3.4 -1799 
21.3 -982 3.6 -1832 
21.4 -1064 3.7 -1851 
21.5 -1161 4.0 -1859 
21.6 -1211 4.2 
-1845 
21.7 -1300 4.4 -1852 
22.0 -1402 4.6 -1862 
22.2 -1468 4.7 -1865 
22.4 
-1517 5.1 -1869 
22.75 -1574 5.8 -1880 
23.3 -1625 6.7 -1885 
24.3 -1681 8.3 -1888 
25.0 -1713 16.6 -1880 
25.8 -1748 23.3 -i870 
25.0 -1868 
25.8 -1866 
Applied field 
parallel to b1? 20A°K 
gage parallel 
to a]_ 
4.2°K 
0.3 V7 
0.4 30 
0.6 -2 
0.7 -143 
0.9 -219 
1.1 -357 
1.3 -441 
1.4 -608 
1.6 -717 
1.7 -775 
0.45 1 
0.9 1 
1.75 -1 
2.1 -8 
2.2 -18 
2.4 
-36 
2.6 -68 
2.75 -132 
2.9 -306 
3.05 -536 
3.2 -723 
3-4 -856 
3.6 
-999 
3.75 -1191 
3.9 -1345 
4.05 -1508 
4.2 -1643 
4.4 -1777 
4.6 -1874 
4.7 -1969 
4.9 -2057 
5.1 -2106 
5.4 -2212 
5.7 -2258 
6.05 -2276 
6.7 -2305 
8.3 -2206 
10.0 -2307 
13.3 -2307 
16.6 -2307 
21.5 -2307 
23.3 -2306 
24.3 -23o6 
25.0 -23o6 
25.8 -2306 
45°K 
3.4 
-3 
6.7 -20 
10.0 
-67 
10.5 -109 
10.8 -227 
11.0 -28 7 
11.15 -344 
11.03 -376 
11.45 
-396 
11.6 -418 
11.8 -469 
11.95 
-539 
12.15 -619 
12.3 -715 
12.45 
-792 
12.6 -850 
12.8 -881 
12.95 -906 
13.1 -976 
13.3 -1070 
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Table 8. (Continued) 
H A L/L H A L/L H A L/L 
13.45 -1271 
13.6 -1533 
13.75 -1785 
13.95 -2005 
14,1 -2138 
14.25 -2263 
14.4 -2321 
14.6 -2358 
14.9 -2402 
15.7 -2450 
16.6 -2466 
19.3 -2476 
20.25 -2475 
21.05 -2474 
23.3 -2474 
25.0 -2475 
25.8 -2476 
77°K 
6.7 -4 
10.0 -15 
15.25 -32 
16.6 -55 
18.1 -113 
18.5 -153 
18.65 -195 
18.8 -244 
18.9 -316 
19.0 -426 
19.1 -438 
19.2 -469 
19.35 -487 
19.45 -501 
19.55 -515 
19.7 -535 
19.9 -551 
20.2 -583 
20.6 -636 
20.9 -738 
21.0 
-77 6 
21.05 -811 
21.1 
-857 
21.15 -901 
21.2 -946 
21.3 -988 
21.4 -1061 
21.5 -ii31 
21.65 -ii92 
21.8 -1231 
21.95 -1268 
22.4 -1348 
22.75 -1395 
23.3 -1441 
24.3 -1503 
24.95 -1545 
25.8 -1592 
Applied field 
parallel to b^, 
gage parallel 
to bj 
4.2°K 
0 38 
0.4 34 
0.7 31 
1.1 4l 
1.4 69 
1.7 85 
2.1 113 
2.6 186 
2.4 395 
4.2 497 
5.1 488 
5.8 471 
6.7 457 
8.3 436 
11.6 415 
16.6 404 
23.3 4l0 
25.0 413 
25.8 414 
20.4°K 
0.9 
-3 
1.75 -5 
2.6 
-18 
— 3.4 -43 
4.2 
-51 
4.7 -46 
5.1 -38 
5.4 
-3 
5.7 47 
6.05 47 
6.4 40 
6.7 36 
7.5 20 
8.3 10 
10.0 -8 
11.6 -20 
13.3 -28 
16.6 
-35 
21.5 
-37 
23.3 
-37 
25.0 
-37 
25.8 —36 
45°k 
3.4 -2 
6.7 
-9 
8.3 -10 
9.2 -10 
10.0 -25 
10.8 -63 
11.3 •2 77 
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Table 9» Experimental data for the holmium disc parallel 
to the b^-c axes, y? angle of applied magnetic 
field (26 kOe.) to b^ axis in the b-^-c plane 
(degrees); AL/L, magnetostriction (^*in./in.) 
Y A L/L Y A L/L Y A L/L 
Gage parallel 
to aj 
4.2°K 
0 0 
10 8 
20 13 
26 20 
27 31 
28 78 
29 410 
30 789 
31 1351 
32 • 1837 
33 1833 
34 1829 
36 1823 
38.5 1824 
41 1831 
43.5 1840 
46 1851 
50 1872 
55 1899 
60 1928 
70 1956 
75 1985 
80 2015 
84 2050 
85 2079 
86 2102 
87 2144 
88 2177 
89 2188 
90 2165 
91 2136 
92 2078 
93 2043 
95 2003 
100 1959 
105 1922 
110 1909 
-10 -12 
-20 
-29 
-30 348 
-31 796 
-32 1409 
-33 l8o4 
-34 1803 
20.4°K 
0 0 
10 4 
20 5 
26 9 
28 30 
29 111 
30 476 
31 1005 
32 1595 
33 1926 
34 1936 
35 1932 
40 1933 
42 1939 
45 1952 
50 1979 
60 2039 
65 2070 
70 2101 
75 2138 
80 2168 
85 2215 
88 2271 
90 2307 
92 2274 
95 2209 
100 2154 
105 2119 
-10 -28 
-20 -10 
-25 0 
-30 1095 
45°K 
0 0 
5 3 
10 7 
20 60 
25 837 
30 
35 
1068 
1138 
40 1532 
45 1689 
50 1715 
55 1757 
60 1805 
65 1855 
70 1909 
75 1971 
80 2077 
90 2278 
95 2277 
100 2175 
105 1941 
110 1870 
115 1821 
120 1770 
125 1721 
130 1678 
135 1647 
-5 2 
-10 4 
-15 5 
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Table 10. Experimental data for the holmium sample disc 
parallel to the b^-c axes. H, applied magnetic 
field (kOe.); L/L, magnetostriction ( in./in.) 
H A L/L H A L/L 
5.1 84 
5.4 101 
5.7 118 
6.05 124 
6.7 137 
7.5 130 
8.3 146 
9.15 157 
10.0 171 
10.8 179 
11.6 186 
13.3 193 
16.6 197 
20.9 197 
23.3 196 
25.8 195 
H 4 L/L 
Applied field 
parallel to b,, 
gage parallel 
to bj 
4.2°K 
0.45 15.9 
0.75 39 
l.l 69 
1.4 105 
1.75 167 
2.1 204 
2.4 255 
2.75 285 
3.4 359 
3.75 383 
4.2 378 
4.7 360 
5.1 348 
5.85 352 
6.7 367 
8.3 385 
11.6 398 
16.6 405 
21.5 408 
25.8 410 
20.4°K 
0.9 -26 
1.75 -35 
2.6 -38 
3.05 -33 
3.4 -17 
3.75 00 
4.05 18 
4.4 38 
4.7 56 
45°K 
3.4 0 
6.7 -4 
8.3 
-7 
11.6 
-239 
11.95 -250 
12.3 -288 
12.6 
-345 
12.95 -440 
13.3 -530 
13.6 -581 
13.95 -524 
14.25 -458 
14.6 
-352 
14.9 -280 
15.25 -231 
15.7 -214 
17.4 -218 
18.1 -200 
19.3 -161 
20.25 -176 
23.3 -162 
25,8 -158 
ZZ2K 
3.4 
6.7 
10.0 
13.3 
16.6 
18.8 
19.1 
19.3 
19.55 
19.7 
19.9 
20.25 
20.9 
21.5 
21.7 
22.0 
22.2 
22.4 
22.6 
22.75 
23.05 
23.3 
24.3 
25.0 
25.8 
0 
0 
-5 
-12 
-21 
-58 
-113 
-154 
-200 
-231 
-248 
-260 
-272 
'Ml 
-490 
-566 
-627 
-700 
-741 
-782 
-768 
-751 
Applied field 
parallel to b 
gage parallel 
to c 
4.2°K 
0.45 
0.75 
1.1 
1.4 
1.75 
4l 
138 
347 
510 
865 
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Table 10. (Continued) 
H A L/L H A L/L H  ^L/L 
2.1 1001 
2.4 1287 
3.05 1733 
3.4 1990 
5.4 2123 
7.05 2294 
10.0 2301 
16.6 2312 
20.9 2318 
23.3 2321 
25.8 2324 
20.4°K 
0.9 36 
1.75 73 
2.6 87 
3.4 166 
3.75 404 
4.05 663 
4.4 1181 
4.7 1205 
5.1 1608 
5.4 1934 
5.7 2182 
6.05 2503 
6.4 2651 
6.7 2802 
7.05 2909 
7.9 2930 
11.6 2952 
16.6 2954 
20.9 2957 
23.3 2958 
25.8 2959 
1.75 6 
3.4 15 
5.1 24 
7.5 47 
8.3 59 
9.15 85 
10.3 133 
11.3 295 
11.6 451 
11.95 633 
12.3 751 
12.6 952 
12.95 1147 
13.3 1433 
13.95 2220 
14.25 2340 
14.6 2527 
14.9 2903 
15.25 3153 
15.6 3330 
15.9 3465 
16.25 3500 
16.6 3523 
16.9 3533 
17.4 3535 
18.1 3533 
21.5 3530 
24.3 3537 
25.8 3538 
77°K 
6.7 5 
10.0 23 
13.3 47 
16.6 84 
18.1 110 
18.8 182 
19.1 352 
19.3 588 
19.7 794 
19.9 865 
20.1 902 
20.25 926 
20.6 956 
21.5 1201 
22.0 1632 
22.2 1847 
22.4 2057 
22.6 2197 
22.75 2306 
22.9 2370 
23.05 2418 
23.3 2470 
23.7 2517 
24.3 2554 
25.0 2595 
25.8 2642 
Applied field 
parallel to c, 
gage parallel 
to bi 
4.2°% 
3.4 -20 
5.1 -38 
-52 
8.3 -52 
10.0 -45 
11.6 —36 
14.9 
-32 
16.6 
-37 
18.1 -43 
19.3 -47 
20.9 
-53 
23.3 -61 
25.8 -69 
20.4°K 
1.75 -14 
3.4 -34 
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Table 10. (Continued) 
H A L/L H A L/L H A L/L 
6,7 _68 Applied field 11.6 2l4 
3 o parallel to c, 16.6 293 
10.0 -97 gage parallel 20.25 357 
ai 1 ns- 15 I 
ïsiî IÏ56 it£s 
19.3 -165 
Ej S B' S jf » 
77°K 
0.9 10 
1.75 43 
2.6 63 
3.4 86
5.1 122 
6.7 141 
8.3 131 
10.0 80 
11.6 30 
13.3 3 
14.9 
-5 
16.6 -1 
18.1 8 
19.3 19 
20.75 25 
21.5 37 
23.3 52 
24.6 61 
25.8 73 
20, ,4°K 
0.9 7 
1.75 27 
2.6 48 
3.4 68 
4.2 85 
5.1 101 
6.7 12 7 
8.3 161 
11.6 74 
14.9 118 
16.6 142 
20.9 217 
25.3 -206 
45°K 
I U . I J  nu , , 
_ 24.3 275 
3,2+ 0 25.8 304 
i!:S î 22!S 
11.6 -30 
M 1 '& S 15 
H:i S 11 § li 1 
19.3 117 
21.5 145 
23.3 170 
3.4 -2 24.3 183 
6:7 -5  ^ 25.8 207 
10.0 -22 
16.6 -34 
23.3 -68 
25.8 -84 
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Table 11. Experimental data for the holmium disc parallel 
to the a-j_-b]_ axes, p' , angle of applied magnetic 
field (26 kOe.) to bj axis in the a^-bj plane 
(degrees) ; A.L/L, magnetostriction (pin./in.) 
P' AL/L A L/L p' ÙK L/L 
Gage parallel 102 -395 98 -394 
to bi 103 -33^  100 -396 
102 -362 
ÎO4 -282 
4.2 K 110 -232 106 -207 
108 -188 
110 -184 
0 0 -20 -14 112 -178 
10 -8 -30 -35 114 -158 
20 -28 -40 -66 116 -l4l 
30 -56 o 12° -11^  
35 -72 20.4 K 125 -92 
40 -86 130 -76 
45 -100 -10 -1 
50 -116 0 0 -20 -13 
55 -134 10 -9 -30 -32 
60 —151 20 —24 —40 —56 
65 -176 30 -49 
70 -217 40 -78 4£K 
73 -249 
74 -247 
75 -225 
76 -234 
77 -263 
78 -31^  
79 -371 
80 -425 
82 -519 
84 -534 
86 -529 
88 -519 
90 -495 
92 -494 
94 -498 
96 -512 
98 -518 
100 -475 
101 -430 
4
104 -281 
105 -251 
115 -192 
-10 -2 
°
-
45 
-93 
50 -109 
60 -145 
65 -187 
68 -220 
70 -216 
72 -204 
74 -247 
76 -316 
78 -394 
80 —413 
82 -409 
84 -403 
86 
-399 
88 -398 
90 -397 
92 -395 
94 
-394 
96 -393 
0 0 
10 7 
20 24 
30 51 
40 97 
50 192 
55 368 
57.5 583 
60 591 
62 361 
64 240 
66 l4l 
68 64 
70 67 
75 63 
80 60 
85 49 
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Table 11. (Continued) 
P1 A L/L P' A L/L P' A L/L 
45 
50 
54 
58 
60 
62 
64 
66 
68 
70 
75 
80 
85 
90 
95 
100 
105 
no 
115 
120 
-10 
-20 
-30 
-40 
-45 
-55 
-46 
-12 
118 
590 
1114 
1272 
1425 
2069 
2490 
2885 
3073 
3091 
3095 
314% 
3148 
3153 
3145 
3111 
3107 
3072 
1796 
3 
12 
24 
1^ 
998 
8 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
no 
115 
120 
-10 
-20 
-30 
-2553 
-2560 
-2566 
-2570 
-2573 
-2576 
-2578 
-2580 
-2582 
-2582 
-2584 
-2585 
-2585 
-2584 
-2582 
-19 
-78 
-533 
77 °K 
0 
10 
20 
30 
g 
45 
0 
-13 
-67 
-385 
-1525 
-1729 
-2499 
